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RESEARCH PROGRESS REPORT: PROPOSAL LOG PC030250
Andreas I. Evangelou

FGF Signaling and Prostate Cancer:
Role of Tumor Microenvironment and The FGF Signaling Axis on Differentiation and Emergence of the

Neuroendocrine Phenotype in Prostate Cancer

INTRODUCTION

The aim of the established proposal was to test the hypothesis that specific changes in the fibroblast

growth factor (FGF) signaling axis can abrogate homeostatic stromal-epithelial interactions to modify the

microenvironment of the prostate gland and facilitate the initiation, progression and metastasis of prostate

cancer, and the emergence of the hormone refractory phenotype. Many human adenocarcinomas involve the

loss of epithelial intercellular adhesion junction proteins such as E-Cadherin, which is also a hallmark of

epithelial-to-mesenchymal transition (EMT) during developmental processes (Peinado H, 2004). The zinc

finger E-box transcription factors Snail and Slug can regulate EMT by repressing E-Cadherin (Cano et al.,

2000; Bolos et al., 2003). Prior to this study it was previously demonstrated, in a series of transgenic mice in

which the FGF axis had been perturbed, that signaling through FGF receptor 1 (FGFR1) but not FGFR2

promoted the emergence of an epithelial-to-neuroendocrine transition (ENT) (Foster et al., 2002). This is more

commonly associated with late stage, poorly differentiated, and androgen-independent tumors. Thus protocols

were established to characterize how FGFRI and FGFR2 influence ENT, by introducing constitutively active

receptors to prostate epithelial cell lines and measure the expression levels of genes associated with epithelial

(E-cadherin), stromal (Cadherin- 11), neuronal (N-cadherin), angiogenic (VE-cadherin), and neuroendocrine

(NSE, ChgA, and SynP) phenotypes as well as E-box transcription factors (Snail and Slug) and genes associated

with cell fate determination (Notch-i, -2, -3, and -4). For example, preliminary data showed that C2H cells

derived from transgenic adenocarcinoma of the mouse prostate (TRAMP) and known to be tumorigenic and

metastatic, expressed higher levels of FGFRliiic in contrast to TRAMP-CIA cells that are not tumorigenic.

From this initial finding along with the view that FGFR1 is generally antagonistic to FGFR2, and because

expression of Snail was demonstrated to be lost in FGFR1 knockout (FGFR1-/') mouse embryos (Ciruna and

Rossant, 2001), we postulated that FGF signaling may regulate Snail and/or other E-box transcription factors

(Slug and Scratch) leading to prostate cancer progression. Thus the ongoing aim of the current project was

directed towards establishing a better understanding of the FGF signaling cascade associated with advanced

prostate cancer and to elucidate the downstream molecular mechanisms that drive emergence of the

neuroendocrine phenotype.
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KEY RESEARCH ACCOMPLISHMENTS AND REPORTABLE OUTCOMES

To date we quantitated the basal level expression of these genes by real-time PCR (Figure 1). TRAMP-

C2H cells were found to express very low levels of E-cadherin (< 1%) when compared to intact mouse prostate.

Furthermore, whereas normal mouse prostate did not express N-cadherin, C2H cells were found to express

almost 1000-fold higher level than CIA and expression of VE-cadherin in C2H was only -1% that of mouse

prostate. Cadherin-11 was found to be expressed at higher levels in CIA than in 3T3 cells, and barely

detectable in mouse prostate and C2H cells. Interestingly, C2H cells expressed high levels of Slug and Snail

(Figure 1), E-box transcription factors implicated in negative regulation of differentiation-specific markers such

as E-cadherin (Cano et al, 2000; Bolos et al., 2003) and to repress pro-apoptotic genes in the DNA-damage

response pathway (Kajita et al, 2004). In addition, C2H cells also expressed 2- and 8-fold higher levels of

neuron-specific enolase (NSE) when compared to intact mouse prostate and CIA cells, respectively.

Interestingly, Scratch, a neural-specific Snail family E-box transcriptional repressor, was expressed at much

lower levels (10%) in C2H than in intact mouse prostate and CIA cells. We also measured the basal level

expression of Notch transcriptional activators that play a critical role in murine prostatic development and in

blocking differentiation of tumor cells associated with malignant phenotype. Activation of Notch-1 for

example, has been recently demonstrated to play a critical role in the ability of prostate cancer metastases to

acquire "osteoblast-like" properties. The molecular targets of Notch include the basic helix-loop-helix

transcription regulators that modulate cell fate. In C2H cells, Notch-1, -2, and -3 was expressed at higher levels

than CIA or 3T3 cells (Figure 1).

Also, to date we have prepared various plasmid constructs to employ in the proposed studies (Table 1).

The human constitutively active FGFR1 (caFGFRI) and murine FGFR2iiib (caFGFR2iiib) constructs were

obtained from Dr. Fen Wang (Texas A&M University, Houston, TX). Both caFGFR1 and caFGFR2iiib were

cloned into the retroviral plasmid pS2 (Table 1) for retroviral infection studies with pCL-Eco packaging

plasmid (Imgenex). These constructs will be used to determine the effect of FGFRI and FGFR2iiib function on

the expression levels of the above mention genes of interest, by real-time PCR. Also, various promoter-

Luciferase constructs were built using the pGL3-promoter vector (Promega). The immediate 1500 bp upstream

(promoter) region from 5'-UTR of E-cadherin, Slug, VE-cadherin, Cadherin- 11, Mash-i, Notch-i, Notch-2, and

Notch-4 was cloned by Hi-Fidelity PCR into pGL3 (Table 1). Promoter-Luciferase studies with pS2-caFGFRI

and pS2-FGFR2iiib retroviral infections will be used in co-studies to determine effect of FGFRI or FGFR2iiib

activation on targeting promoter-specific Luciferase expression. In order to facility future studies with

proposed ChIP Assays to isolate target genes of activated FGFR1 or FGFR2iiib, we developed Snail and Slug

antibodies (Invitrogen, Carlsbad, CA; CHEMICON, Temecula, CA) directed against sequence specific amino acid

peptides for Snail (SDEDSGKSSQPPSPPSPAPSSFSSC) and Slug (HSGSESPISDEEERLQPKLSD) near the N-

terminus. Plasmid constructs for building GST-Snail and GST-Slug fusion proteins were also developed (Table

5



1). The antibody sera was titrated and tested for its specificity in detection of GST-Snail or GST-Slug fusion

proteins (Figure 2).

DISCUSSION

At the onset of this project proposal, we prepared and published a perspective article in the Journal of

Cellular Biochemistry, summarizing our hypothesis and reviewing some of the literature on steroid hormones,

polypeptide growth factors, hormone refractory prostate cancer, and the neuroendocrine phenotype (Evangelou

et al., 2004). The majority of the first year of this proposal project was spent in the construction of reagents

(plasmids and antibodies) necessary for further studies. We now have the basic required tools for more

meaningful experiments to answer key questions with regards to the involvement of FGF signaling axis in

prostate cancer progression. Our initial plan was to construct various constitutively active FGFR1 and FGFR2

variants bearing key mutations of tyrosine residues in the their respective intracellular kinase domains, and to

make transgenic mice expressing these variants specifically in the prostate epithelial compartment. Although

these, mutant variants are ongoing experiments in the lab, we have also began to focus on building transgenic

mice with enforced expression of Snail and Slug specifically in the prostate epithelium. We would like to

pursue and test the hypothesis that overexpression of Snail or Slug will deregulate prostate epithelial cell

differentiation and facilitate cell invasion, proliferation and prostate cancer progression. Our main goal is still

focused on identifying the molecular signaling pathways downstream of FGFR1 and FGFR2 that regulate

differentiation, proliferation, and invasion of prostate epithelial cells.
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Table 1. List of project plasmid constructs.

CLONE CONSTRUCT SOURCE SHORT DESCRIPTION
ID

NMG10 I TOPflash Upstate TCF-Luciferase reporter plasmid
NMG1013 FOPflash Upstate Mutant TCF reporter plasmid
NMG1014 CaFGFR2-SSI-SK Dr. Fen Wang' CaFGFR2 carrier plasmid
NMG1015 CaFGFR2iiib-pVL1392 Dr. Fen Wang CaFGFR2 carrier plasmid
NMG1019 CaFGFRI-SSI-SK Dr. Fen Wang CaFGFRI carrier plasmid
NMG1020 CaFGFRI-SK Dr. Fen Wang CaFGFR I carrier plasmid
NMG1025 pGL2-PE-178 Dr. Amparo Cano2  E-cadherin promoter Luciferase construct
NMG 1027 pS2 Dr. Aguilar-Cordova 3  Retroviral expression plasmid
NMG1028 pS2-0-Gal Dr. Aguilar-Cordova Retroviral 3-gaiactosidase expression plasmid
NMG1029 pCL-Eco Imgenex Retroviral packaging plasmid
NMG1030 pGL3 Promega pGL3-Promoter Luciferase Reporter Vector
NMG1038 pGEX-2T Amersham GST-Fusion protein expression plasmid
NMGI42 pGEX2T-Snail This Project GST-Snail expression plasmid
NMG1043 pGL3-Ecad This Project E-cadherin promoter Luciferase reporter Vector
NMG 1044 pGL3-Notchl This Project Notoch- I promoter Luciferase reporter Vector
NMG1045 pS2-CaFGFR2iiib This Project Retroviral caFGFR2iiib expression plasmid
NMG 1046 pS2-FGFR2iiib This Project Retroviral FGFR2iiib expression plasmid
NMG1047 pGL3-Notch4 This Project Notch-4 promoter Luciferase reporter Vector
NMGI048 pGL3-Slug(F1/R1) This Project Slug promoter Luciferase reporter Vector
NMGI049 pGL3-Slug(F1I/R2) This Project Slug promoter Luciferase reporter Vector
NMG 1050 pGL3-Notch2 This Project Notch-2 promoter Luciferase reporter Vector
NMG1051 pGL3-VEcad(F1I/Rl) This Project VE-cadherin promoter Luciferase reporter Vector
NMG1052 pGL3-VEcad(F1/R2) This Project VE-cadherin promoter Luciferase reporter Vector
NMG1053 pGL3-Cadl I This Project Cadherin- 1I promoter Luciferase reporter Vector
NMG1054 pGL3-Mashl This Project Mash-I promoter Luciferase reporter Vector
NMG 1064 pS2-CaFGFR1 This Project Retroviral caFGFR I expression plasmid
NMGI069 pGEXT2T-HA-Slug This Project GST-HA-Slug expression plasmid
NMG1070 pcDNA3-HA-Snail This Project CMV-HA-Snail expression plasmid
NMG1072 pcDNA3-HA-Slug This Project CMV-HA-Slug expression plasmid
NMG 1073 pCDNA3.1 Invitrogen CMV-promoter cloning plasmid

1. Texas A&M University System Health Science Center, Houston, Texas 77030-3303, USA.
2. Instituto Cajal, CSIC, Doctor Arce 37, 28002 Madrid, Spain.
3. Institute for Molecular Genetics, Baylor College of Medicine, Houston, TX 77030. (Fustinella, et al.,

1994. A new family of murine retroviral vectors with extended multiple cloning sites for gene
insertion. Hum. Gene Ther. 5(3):307-312.)
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Fig. 1. Expression of the basal levels of genes associated with epithelial (E-cadherin), stromal (Cadherin-l 1),

neuronal (N-cadherin), angiogenic (VE-cadherin), neuroendocrine (NSE) phenotype, and E-box (Snail, Slug,

Scratch) and cell fate (Notch-i, -2, -3, -4) transcription factors in TRAMP cell lines. Total RNA was extracted

from C2H, CIA, 3T3 and intact mouse prostate (PRST). Steady-state levels of the indicated transcripts were

determined by using quantitative (real-time) PCR. All transcript levels were normalized to actin and expressed

relative to PRST, with exceptions being Cadherin- 11, N-Cadherin, Notch-I, -2, and -3 (relative to CIA), and

Notch-4 (relative to C2H).
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Figure 2. Specificity and immublot detection of GST-Slug and GST-Snail fusion proteins with anti-Slug and

anti-Snail sera. Anti-Snail sera only detects Snail-GST but not Slug-GST. Anti-Slug sera only detects Slug-

GST but not Snail-GST. Anti-Snail also detects the stable degradation products of Snail-GST.
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Steroid Hormones, Polypeptide Growth Factors,
Hormone Refractory Prostate Cancer, and the
Neuroendocrine Phenotype
Andreas I. Evangelou,' Scott F. Winter,' Wendy J. Huss, 2 Robert A. Bok,3 and Norman M. Greenberg,'4
'Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, Texas
2Department of Pathology and Laboratory Medicine, University of North Carolina,
Chapel Hill, North Carolina
3Department of Hematology/Oncology, University of California at San Francisco, San Francisco, California4Clinical Research Division, Fred Hutchinson Cancer Research Center, Seattle, WA

Abstract The growth, development, and differentiation of the prostate gland is largely dependent on the action of
androgens and peptide growth factors that act differentially at the level of the mesenchymal and epithelial compartments.
It is our premise that to understand the emergence of metastatic and hormone refractory prostate cancer we need to
investigate: (1) how androgen action at the level of the mesenchyme induces the production of peptide growth factors
that in turn can facilitate the growth and development of the epithelial compartment; (2) how androgen action at the level
of the epithelium induces and maintains cellular differentiation, function, and replicative senescence; and (3) how
transformation of the prostate gland can corrupt androgen and growth factor signaling homeostasis. To this end, we focus
our discussion on how deregulation of the growth factor signaling axis can cooperate with deregulation of the androgen
signaling axis to facilitate transformation, metastasis, and the emergence of the hormone refractory and neuroendocrine
phenotypes associated with progressive androgen-independent prostate cancer. Finally, we suggest a working hypothesis
to explain why hormone ablation therapy works to control early disease but fails to control, and may even facilitate,
advanced prostate cancer. J. Cell. Biochem. 91: 671-683, 2004. C 2004 Wiley-Liss, Inc.

Key words: prostate cancer; peptide growth factors; androgen receptor; neuroendocrine; mouse models

The purpose of this study is to present a PROSTATE GLAND: A COMPLEX
plausible working model of prostate cancer pro- ORGAN SYSTEM
gression that highlights the interaction bet-
ween stromal and epithelial compartments and The prostate can be divided into two major
the role of peptide and steroid hormone signal- cellular compartments, the mesenchyme and
ing during the natural history of the disease. As the epithelial compartment (Fig. 1). The pros-tate mesenchyme comprises smooth muscle
well, we attempt to shed some new perspective cells and fibroblasts, and derives from the me-
on the paradoxical consequences of hormone senchymal component of the embryonic urogen-
ablation and the significance of the emergence ital sinus [Cunha et al., 2003]. In contrast,of the neuroendocrine phenotype drawly the prostate epithelium is likely comprised of
heavily on our experence with genetically glandular/secretory epithelial cells, neuroendo-
engineered mouse (GEM) model systems. crine cells, and basal cells [Abrahamsson,

1999a]. Recently, Bonkhoff and Remberger
postulated that the epithelial compartment
could itself be subdivided into (i) a stem cell/un-

*Correspondence to: Dr. Norman M. Greenberg, Clinical differentiated compartment of both androgen-
Research Division, Fred Hutchinson Cancer Research independent and androgen non-responsive

Center, 1100 Fairview Avenue N. D4-197, Seattle, WA cells; (ii) a proliferative/undifferentiated com-
98109-1024. E-mail: normangflhcrc.org partment consisting of androgen-independent
Received 10 October 2003; Accepted 15 October 2003 but hormone-responsive cells; and (iii) a differ-
DOI 10.1002/jcb.10771 entiation compartment derived from committed
C 2004 Wiley-Lin, Inc.
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Fig. 1. The major cellular compartments of the prostate gland. Adapted from Hansson and Abrahamsson,
Annals of Oncology 12:S1 45-Si 52, 2001.

basal cells giving rise to androgen-independent three epithelial cell types in the prostate
neuroendocrine cells, androgen-responsive epithelium may have developed from common
basal cells, and androgen-dependent secretory endodermal pluripotent stem cells, there is
epithelial cells [Bonkhoff and Remberger, evidence that these cells are of neurogenic
1996]. Even this rather simple description de- origin [Aumuller et al., 1999b].
monstrates that the prostate gland is a complex
organ and underscores the need to identify, STEROID HORMONES AND
study, and define roles for each of the various PROSTATE CANCER
cellular constituencies. Indeed, while consider-
able attention has been focused on the termin- The development, growth, and maintenance
ally differentiated secretory epithelial cells and ofthe prostate gland is androgen dependent and
their interaction with the mesenchyme, we now the growth of primary prostatic tumors is at
come to realize how relatively little we know least initially dependent on androgen action. In
about the neuroendocrine compartment. the early 1940s, Huggins and Hodges [1941]

The neuroendocrine cells of the prostate introduced a pioneering concept that has since
gland most likely represent terminally differen- made androgen ablation and anti-androgen the-
tiated cells derived from undifferentiated rapy the cornerstone of treatment for patients
neuronal precursor or basal cells [Aumuller with locally advanced or metastatic prostate
et al., 1999a]. It is generally thought that the cancer. However, despite a positive initial re-
normal mature neuroendocrine cells are fully sponse in most (80-90%) patients, those treated
differentiated and postmitotic [Abrahamsson, with androgen ablation eventually develop
1996], and growth arrested in Go [Bonkhoff androgen-independent tumors, rendering fur-
and Remberger, 1995]. The neuroendocrine ther hormone therapy or complete androgen
cells do not express an androgen receptor (AR) blockade ineffective [Gittes, 1991; Laufer et al.,
and are by definition androgen independent 2000]. Understanding the biology underly-
[Abrahamsson, 19961. ing the emergence of hormone-independent

At least two types of prostatic neuroendocrine prostate cancer may represent the biggest
cells have been observed in the prostate, the so- challenge to the development of efficacious
called "open cell" type that have long slender treatments for this disease.
extensions reaching towards the lumen and the During ontogeny ofthe prostate gland, andro-
"closed cell" type that lack luminal extensions. gens are believed to initially act at the level of
Although "closed" neuroendocrine cells can ex- the mesenchyme that expresses a functional
press both neuroendocrine-specific (Chro- AR, to indirectly induce ductal morphogenesis,
mogranin A (ChgA)) and basal cell-specific cytodifferentiation, and the formation of a dif-
(Cytokeratin D) markers, suggesting that all ferentiated epithelial compartment [Sugimura
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et al., 1996] (Fig. 2). By this paradigm, it can be epithelial structure is AR dependent suggests
said that the development of the prostate is that in the prostate the AR has distinct and
dependent not only on the mesenchyme, but on compartment specific roles during development
a functional androgen signaling axis within this and differentiation. Based on these observa-
compartment. In fact, it has been demonstrated tions, it can be predicted that androgen insensi-
that expression of a wild type AR in the me- tivity or early androgen ablation would severely
senchyme is a prerequisite for the formation of impair prostate development or cause glandu-
prostatic epithelial structures, and that an AR lar regression primarily through the loss of
expressing mesenchyme can still direct forma- stromal-derived growth factors. In contrast,
tion of the epithelium even if the epithelial androgen ablation following the emergence of
cells themselves do not express functional AR a stroma-independent (and by definition growth
[Cunha et al., 1992, 2003]. That the mainte- factor autonomous) epithelium would have
nance of a terminally differentiated functional little impact on cell viability or apoptosis.

A

I

. _ ..... ... ....... ... .... ...
ANDROGEN

r~g~jr To to _ __1" M f~jF j

pw ... ...... .............. ....

CAR )I K
Fig. 2. Working model for prostate cancer progression. In the regulated gene product proteins such as prostate-specific antigen
prostate, the FGF axis regulates the growth and differentiation of (PSA). The loss of FGFR2iiib expression is concomitant with
epithelial cells. FGF-7iFGF-10 secreted from the androgen- increased expression of FGFRI, epithelial-mesenchymal trans-
responsive stromal compartment (STR) conveys signals to the formation (EMT), and proliferation. D: Androgen ablation
epithelial (EPI)cellsvia FGFR2iiib receptors to influence prostate therapy (or castration) after transformation may select for the
epithelial development, growth, and differentiation. A: In growth of cells expressing FGFR1 and AR variants and the for-
the presence of wild type AR and FGFR2iiib, the prostate mation of poorly differentiated and highly proliferative cancers.
epithelial compartment is differentiated and non-proliferative. The emergence of the neuroendocrine phenotype is consistent
B: Upon castration, the stromal FGF-7/FGF-10 signal is reduced with trans-differentiation of the epithelial compartment and loss
and the epithelial compartment will regress and remain quies- of E-cadherin. Although the cells may be androgen independent,
cent. C: With the onset of transformation, the epithelial com- they may still be androgen responsive and express PSA under
partment is still FGF2Riiib responsive and well or moderately control of a mutated AR (*) or other ligand-independent
well differentiated and will continue to express androgen- mechanism of regulation.
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Moreover, our model predicts that androgen tion [Uematsu et al., 2001; Elghazi et al., 2002].
ablation following emergence of the stromal While it is widely held that the production and
independent population would significantly secretion of FGF-7/10 in the stromal cells of the
impair epithelial differentiation and as dis- prostate is, in part, a consequence of androgen
cussed below provide selective pressure for the action, and there is substantial evidence to im-
emergence of the neuroendocrine phenotype plicate androgen signaling in the regulation of
and development of an aggressive, poorly some FGF ligands, including FGF-7 [Fukabori
differentiated, and highly plastic androgen- et al., 1994; Fasciana et al., 1996; Planz et al.,
independent epithelial population. It is inter- 1998] and FGF-9 [Goncharova, 1994], it re-
esting to note that in a recent report of the mains to be proven that either FGF-7 [Thomson
long-term clinical study on the impact of finas- et al., 1997] or FGF-10 [Thomson and Cunha,
teride on prostate cancer development, patients 1999] represent direct AR targets in the
who received 5 mg/day finasteride, an inhibitor mesenchyme.
of 5a-reductase, the enzyme that converts During pathogenesis leading to adenocarci-
testosterone to the more potent dihydrotestos- noma of the prostate, survival of the epithelium
terone, exhibited a 24.8% decrease in prostate requires independence from the stroma and
cancer incidence compared to the placebo con- often the androgen-signaling axis itself
trol group. However, tumors in patients in the (Fig. 20). Hence we postulate that specific
finasteride treated group exhibited a 66% changes in the FGF axis play a pivotal and
increase in aggressive high-grade (Gleason 7- functional role in the pathobiology of prostate
10) disease compared to tumors arising in the cancer. Observations in both clinical prostate
placebo group [Thompson et al., 2003]. In cancer and animal models of prostate cancer
fact, the TRAMP model data predicted that support our hypothesis. For example, loss of
inhibition of androgen signaling would provide FGFR2iiib accompanied by a concomitant in-
a selective pressure favoring the growth of crease in FGFRliiic has been demonstrated in
more aggressive androgen-independent cells. malignant adenocarcinoma cells [Feng et al.,
[Gingrich et al., 1996]. Hence, the roughly 6% of 1997; Foster et al., 1999]. Furthermore, during
men who developed advanced disease following tumor progression, the loss of FGFR2iiib is
finasteride treatment likely harbored stochastic accompanied by activation of FGFR2iiic and
molecular lesions that conferred androgen inde- FGFR1 that has a very high affinity for FGF-2
pendence and that depleted androgen signals, and can abrogate the FGF-7 signal [Yan et al.,
resulting from finasteride treatment, provided 1993; Wang et al., 2002; Huss et al., 2003].
a selective pressure favoring outgrowth of these Presumably the activation of FGFR1 provides
more malignant cells. tumor cells with stromal independence and a

growth advantage. In fact, we and our colla-
borators are using GEM models to show howA TDE GROWATH FANCTRS forced expression of the FGFR1 kinase domain
in the epithelial compartment can accelerate

How does the mesenchyme direct epithelial spontaneous progression of prostate epithelial
growth and differentiation? In part, the mesen- cells toward the malignant phenotype in vivo
chyme is known to produce a number of poly- (Jin et al., in press).
peptide growth factors, one of the best examples An interesting prediction of our stromal-
being members of the fibroblast growth factor epithelial signaling model, wherein androgens
(FGF) family. For instance, it has been demon- and peptide hormones mediate growth and
strated that the ligands FGF-7 (also known as differentiation, is that the consequence of
keratinocyte growth factor or KGF) and FGF- 10 androgen ablation would be the loss of stromal
are produced by the prostate mesenchyme and mediated production of FGF ligands that would
that they are capable of activating a specific subsequently and negatively impact the viabi-
FGF receptor, FGFR2iiib, localized on prostate lity and differentiation status of the epithelial
epithelial cells [Cunha et al., 1992; Yan et al., compartment (Fig. 2). Hence, the primary con-
1992; Sugimura et al., 1996]. It is by activat- sequence of androgen ablation in the normal
ing the epithelial FGFR2iiib receptor that (or minimally transformed) prostate gland may
FGF-7 and FGF-10 are believed to influence be a downregulation of stromal-derived FGFs
epithelial proliferation, development, and func- that in turn lead to apoptosis of the stromal-



p

Steroids, Polypeptides and Prostate Cancer Phenotypes 675

dependent epithelial compartment. Based in 1999; Zelivianski et al., 20011. This supports our
part on these observations, it is our impression hypothesis that steroids (and/or other growth
that the primary role of androgen action at the factors/peptides) are critical for maintaining
level of the mesenchyme is to regulate growth epithelial differentiation of prostate cells. Fur-
factor production to support growth of the epi- thermore, when prostate cancer cells are
thelial compartment, while the primary role of exposed to pharmacological agents that can
androgen action at the level of the epithelial increase their intracellular level of cyclic AMP
compartment is to cooperate with FGF signals (cAMP) in the presence of IL-6, they also trans-
such as those downstream of FGFR2imib to faci- differentiate into neuroendocrine-like cells in
litate functional terminal differentiation and culture [Bang et al., 1994]. The molecular basis
growth quiescence. It is also our contention that of this phenomenon must have occurred early in
the consequence of androgen ablation would be evolution as we have now determined that
the death or atrophy of epithelial cells that mouse prostate cell lines (CiA, C2G, and C2H)
maintain a strict dependence on the stromal will also trans-differentiate into neuroendo-
compartment while at the same time establish- crine-like cells in culture when propagated in
ing a selective pressure and growth advantage the absence of sera or under steroid-reduced
for those cells that have achieved stromal in- conditions (Fig. 3).
dependence by releasing them from androgen- We previously postulated that the peptide
induced terminal differentiation and growth growth factor signaling axis could help malig-
senescence. nant and normal epithelial differentiation and

that disruption of the growth factor homeostasis
could lead to loss of differentiation. Remark-NEUROENDOCRINE PHENOTYPE ably, treatment with heparin-binding epider-
mal growth factor-like growth factor (HB-EGF)

Since neuroendocrine cells are more abun- has recently been found to induce neuroendo-
dant in prostate cancer tissue specimens than in crine differentiation in LNCaP cells in a manner
non-malignant prostate tissue [Aprikian et al., that required activation of cAMP and MAPK
1993], neuroendocrine cells may function to [Kim et al., 2002]. Treatment of these cells with
provide stimulatory paracrine and autocrine cAMP-dependent protein kinase (PKA) induced
growth factors in prostate cancer patients that the neuroendocrine differentiation [Chen et al.,
have undergone androgen-ablation therapy 1999]. Furthermore, treatment of LNCaP cells
leading to increased growth and progression of with HB-EGF also antagonized AR function and
prostate cancer cells [Guate et al., 19971. In fact, reduced AR expression [Adam et al., 2002]
prostate cancer patients with advanced hor- suggesting a potential conflict between some
mone-dependent and hormone-refractory dis- peptide growth factors and AR signaling in
ease often have increased levels of ChgA and epithelial cells. This phenomenon is not re-
neuron-specific enolase (NSE) in their sera and stricted to HB-EGF as IL-6, which can act in a
tissue specimens [Kadmon et al., 1991; Tarle synergistic manner with HB-EGF-MAPK path-
and Rados, 1991; Angelsen et al., 1997]. It is way, has also been shown to induce neuroendo-
thought that prostatic neuroendocrine cells can crine differentiation [Deeble et al., 2001]. In
exert their biological effect in a combination of addition, the IGF-binding protein-related pro-
both endocrine and paracrine fashion. tein 1 and the related neuroendocrine differ-

Although the origin of neuroendocrine cells in entiation factor (NEDF) 25.1 were also found to
prostate cancer is still debated, there is growing be downstream of neuroendocrine differentia-
evidence in the literature that prostate cancer tion effector proteins that can co-translocate to
cells posses an intrinsic plasticity that allows the nucleus and induce morphological and bio-
them to either transdifferentiate or dediffer- chemical features in the prostate epithelial
entiate and redifferentiate into cells with neuro- cancer cell line M12 [Wilson et al., 2001]. A
endocrine-like properties. For example, human similar role for FGFR2iiib mediated signals has
LNCaP epithelial cells can display neuronal- been made in the pancreas where abrogation of
like morphology or differentiation when grown the FGF-7 signal caused epithelial cells to
in steroid-reduced media or following treatment differentiate into endocrine cells [Elghazi et al.,
with interleukin-6 (IL-6) (50 ng/ml) or dibutyryl 2002]. In fact, we have recently demonstrated
cAMP (0.1 mM) [Qiu et al., 1998; Cox et al., the emergence of the neuroendocrine phenotype
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Fig. 3. Growth of human prostate cancer and mouse TRAMP TRAMP cell lines (ClA, C2H, and C2G), and supplemented with
cell lines in charcoal-stripped and serum-free media mediates 10% fetal bovine serum (+FBS), 10% charcoal-stripped FBS
neuronal-like morphological changes and neuroendocrine (+sFBS), or without serum (-FBS) for 72 h. Cellular morphology
induction. Cell cultures were plated and maintained with was inspected by phase contrast microscopy, using a Zeiss
RPMI1640 media for LNCaP and PC-3 and with DMEM for inverted microscope at 1Ox magnification.
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as a consequence of deregulated FGF signaling state cancer [Abrahamsson, 1999a,b; Hansson
in a genetically engineered transgenic mouse and Abrahamsson, 2001], the recent study by
model [Foster et al., 20021. In these studies, Kaplan-Lefko et al [2003] addressed the emer-
elevated numbers of synaptophysin (SynP) gence of the neuroendocrine phenotype in the
expressing cells were observed in the prostate TRAMP model [Kaplan-Lefko et al., 2003].
glands of KDNR mice in which enforced Histologically, the most advanced and poorly
epithelial expression of a dominant negative differentiated tumors in the TRAMP model dis-
FGFR2iiib construct blocks the endogenous play neuroendocrine features that can include a
stromal mediated FGF-7 and FGF-10 signals very high nuclear to cytoplasmic ratio, stippled
and likely favors the growth promoting signals chromatin, and irregular dendrite-like pro-
of FGFR2iiic or FGFR1. We have also observed cesses extending underneath and between adja-
the expression of SynP in primary and meta- cent epithelial cells (Fig. 1). Interestingly, when
static prostate cancer tissue specimens from we performed immunostaining on sections
TRAMP mice (Fig. 4). Clearly, the emergence of representing progressive stages of prostate
a neuroendocrine phenotype as a consequence cancer in TRAMP with an antibody against
of deregulated growth factor signaling is a hall- SynP, a marker of neuroendocrine dif-
mark of advancing prostate cancer and there- ferentiation, SynP was only detected in four
fore should also be considered a favorable small foci within a total of 162 PIN lesions
attribute of prostate cancer model systems. (2.5%) and was not detected in any of the

Despite the many parallels between TRAMP
and clinical prostate cancer, there has been a lot
of discussion and misconceptions concerning
neuroendocrine cancer and the TRAMP model
[Abate-Shen and Shen, 2002; Ellwood-Yen et al.,
2003]. Given that neuroendocrine carcinoma is
a frequent constituent of advanced human pro-

Fig. 4. Expression of synaptophysin in primary and metastatic
prostate carcinomas from TRAMP. We used immunohistochemr
istry with an anti-synaptophysin antibody (the binding site
PH510; 1/200 dilution) to analyze tissue sections procured at
necropsy from TRAMP mice. All sections were visualized with
ABC detection kit (Vector Labs). Panels A-D: Animal 1228.
A: Well-differentiated primary tumor characterized by well-
formed glands and desmoplastic stroma. No evidence of
moderately or poorly differentiated carcinoma was identified
and staining for synaptophysin (SynP) was negative. B: A large
moderately differentiated lung metastasis that does not express
SynP is present on the left. There is also a small, poorly
differentiated metastasis that expresses SynP (right). C: Moder-
ately to poorly differentiated liver metastasis with focal expres-
sion of SynP (center). D: Moderately differentiated liver
metastasis without SynP expression. Panels E, F: Animal 885.
E: Well-differentiated primary tumor. No evidenceof moderately
or poorly differentiated carcinoma was identified and stains for
SynP were negative. Note the positively staining ganglia on the
left that serve as an internal positive control. F: Moderately
differentiated liver metastasis. No SynP expression was identi-
fled. Panels G, H: Animal 1113. G: Well-differentiated primary
tumor. No evidence of moderately or poorly differentiated
carcinoma was identified and stains for SynP were negative.
H: Lung metastasis expressing SynP. A glandular structure is
present in the metastasis. Panels I, J: Animal 1057. I: Well-
differentiated primary tumor. No evidence of moderately or -

poorly differentiated carcinoma was identified and stains for
SynP were negative. Note the positively staining ganglion along
the upper portion of tissue. J: Lung metastasis and stains for SynP
were negative. Original magnification: 200x.
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well-differentiated (WD) or phylloides-like To further distinguish the emergence of the
lesions (0/45 WD and 0/17 phylloides-like). Con- neuroendocrine phenotype in TRAMP from NE
sistent with emergence of the neuroendocrine carcinoma, we have now used in silico analysis
phenotype as a stochastic event related to to compare gene expression profiles in samples
progression, SynP expression was detected in representing progressive stages of prostate
24 of 26 poorly differentiated (PD) regions (92%) cancer in TRAMP and samples of neuroendo-
and in 100% (13/13) of the PD tumors arising in crine carcinoma in the CR2-Tag mice. As shown
castrated mice. Most interesting was our find- in Figure 5, we noted clear differences between
ing that only 14 of 23 (61%) lymph node the expression profiles of TRAMP and CR2-Tag
metastases expressed SynP, consistent with samples. Most notably, expression of neuroen-
our previous observations that metastogenesis docrine markers increased as a function of
in the TRAMP model occurs stochastically and disease progression in TRAMP, but these
is not necessarily dependent on primary tumor markers were uniformly and highly expressed
progression to poorly differentiated disease in the primary CR2-Tag lesions, underscoring
[Gingrich et al., 1996]. Clearly, emergence of the stochastic nature of the TRAMP model and
the neuroendocrine phenotype also seems to be supporting the hypothesis that these adenocar-
a stochastic event related to the progression of cinomas display a certain intrinsic plasticity
prostate cancer in TRAMP that is correlated that allows them to phenocopy neuroendocrine
with loss of differentiation, glandular architec- cells and display neuroendocrine features. It is
ture, and hormonal response, features remark- therefore our conclusion from these studies
ably similar to those observed in clinical disease that the neuroendocrine phenotype in TRAMP
[Abrahamsson, 1999b]. It should also be noted emerges as a consequence of an "epithelial to
that cells of true neuroendocrine origin should neuroendocrine" transition (or switch) as a
not express AR, and 16 of 29 (55%) TRAMP function of cancer progression.
tumors were found to express both SynP and
AR. Furthermore, of the PD tumors in castrated WORKING MODEL FOR PROSTATE
mice, 9 of 13 (70%) expressed both SynP and AR CANCER PROGRESSION
while only 4 of 13 (30%) expressed SynP without
AR. Given that the PD tumors were not In an attempt to explain the paradoxical
uniformly SynP positive or AR negative, it is consequences of hormone ablation and the
unlikely that these tumors could have arisen emergence of the neuroendocrine phenotype, a
from a neuroendocrine precursor. number of groups have begun to look at the role
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Fig. 5. Neuroendocrine progression in TRAMP and CR2-Tag Bioanalyzer 2100. A progressive increase in neuroendocrine
mouse models. Tumor samples from TRAMP and CR2-Tag mice marker expression across stage/invasiveness of TRAMP tumors is
were harvested immediately following euthanasia and subjected observed, but not to degree seen in the CR2-Tag model. Elevated
to expression array profiling. Samples were processed for RNA expression levels (greater than twofold) were detected in early
and total RNA was isolated using RNeasy (Qiagen) mini or midi- TRAMP primary tumors (dorsal prostate), in seminal vesicle
sized column, according to manufacturer's procedures. Final invasive extensions, and in lymph node metastasis. SVI, seminal
RNA concentrations and quality were determined by A260:A280 vesicles invasive; MET, metastasis.
absorption readings and by Agilent Lab Chip technique using a
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of polypeptide growth factors in ligand inde- surprise that androgen ablation should facil-
pendent activation of AR signaling [Culig et al., itate the progression of prostate cancer given
1993, 1994] in addition to AR gene amplification that emergence of the neuroendocrine pheno-
[Koivisto et al., 19971; Bubendorf et al., 1999 type is a direct consequence of androgen ab-
and AR gene mutation [Tilley et al., 1996; lation [Kaplan-Lefko et al., 2003]. This provides
Buchanan et al., 2001a,b; Han et al., 20011. In a reasonable explanation to the failure of
particular, our lab has focused on a central hormonal ablation to control prostate cancer
hypothesis that deregulation of FGF signaling that has advanced to the stromal independent
can cooperate with deregulated androgen stage.
signaling to facilitate transformation, angio-
genesis, dedifferentiation, metastasis, and the PERSPECTIVE
emergence of hormone refractory and neuro-
endocrine phenotypes associated with andro- Recently, Laufer et al. reported that current
gen-independent prostate cancer. methods for treating advanced prostate cancer

Androgen-refractory prostate cancer is asso- offer little evidence to support the use of hor-
ciated with neuroendocrine differentiation and monal ablation therapy, that is, the routine use
it has been suggested that detection of neuroen- of anti-androgens in combination with medical/
docrine specific markers such as ChgA, NSE, surgical castration as an effective treatment for
5-HT, and a subunit of glycoprotein hormones advanced prostate cancer [Laufer et al., 20001.
(a-SU), in serum detect the level of neuroendo- In this study, they discuss how endocrine con-
crine differentiation. Nobels et al. [1997] have trol of prostate tumor growth is not always
already shown that serum ChgA levels can be mediated by direct activation of AR, and that
specifically used to detect neuroendocrine neo- alternative signaling pathways exist. In fact, we
plasias [Nobels et al., 1997]. While Sciarra et al., now appreciate that there are several androgen-
2003 suggested that serum ChgA levels be independent mechanisms that play major roles
monitored to determine how to modulate treat- in prostate cancer progression including the
ment in patients undergoing androgen ablation activation of genes directly involved in cell
therapy [Sciarra et al., 2003]. proliferation, loss of apoptotic signals, stimula-

Neuroendocrine differentiation in the pros- tion of tumor angiogenesis, regulation of tumor
tate occurs during prostate cancer progression invasion and metastasis by extracellular matrix
as a result of selective pressures including but proteins, and the loss of expression and func-
not limited to androgen ablation. Given that the tion of AR [Feldman and Feldman, 2001]. More-
role of androgen action on the normal epithelial over, we have seen that androgen-independent
cell seems to be more consistent with terminal growth signaling pathways can be active during
differentiation and growth suppression, it is the early stages of prostate cancer and that
not surprising that androgen ablation facili- AR deletions, point mutations, amplifications,
tates neuroendocrine differentiation and cre- and polymorphisms are involved in the loss of
ates a favorable growth condition for prostate specificity, increased sensitivity, and the com-
cancer. Most recently, we have demonstrat- plete loss of androgen-dependent activation
ed how expression of the dominant negative [Bonkhoff et al., 1993; Culig et al., 1993; Tilley
FGFR2iiib specifically in prostate epithelial et al., 1996; Berthon et al., 1997; Koivisto et al.,
cells induced neuroendocrine differentiation 1997; Sweat et al., 1999; Han et al., 2001;
in vivo [Foster et al., 2002]. These observations Buchanan et al., 2001a; Arnold and Isaacs,
suggest that neuroendocrine differentiation 2002].
in advanced prostate cancer is likely the result In the normal prostate epithelium, prostate
of a loss of homeostatic balanced communica- epithelial cells are dependent on androgen and
tion between the epithelial and mesenchymal AR for epithelial differentiation, Go growth ar-
compartments. rest or survival, apoptosis, and prostatic secre-

Since true neuroendocrine cells do not ex- tions (e.g., PSA, FGF9, and FGF2). As discussed
press AR [Wright et al., 2003], it is therefore not above, androgens also act to stimulate epith-
surprising that castration has little or no effect elial cell proliferation by acting on AR-positive
on the progression of true neuroendocrine mesenchymal cells of the prostate stromal com-
cancers such as occurring in the CR2-Tag model partment to stimulate production and secretion
[Hu et al., 2002]. Hence, it should also be of little of growth factors (e.g., FGF7, FGF10) required
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for normal growth and maintenance of the in the AR that can no longer discriminate bet-
prostate epithelium. It is therefore conceivable ween agonist and antagonist have been identi-
that, following some transforming event, a fled [Feldman and Feldman, 2001]. Based on
primary tumor might be initiated in the pros- our previous discussions, it would be expected
tate epithelium that would be stroma-depen- that prolonged treatment with hormone abla-
dent, androgen-dependent, and AR-dependent tion therapy would select for poorly differen-
that we would define as "abnormal stage I." At tiated prostate cancers and emergence of the
this stage, the presence of testosterone would be neuroendocrine-like phenotype. Our data with
expected to both stimulate growth as well the TRAMP model also predict that these ad-
as survival of a well-differentiated epithelium vanced hormone refractory tumors should be
while androgen ablation therapy would result more metastatic [Gingrich et al., 19961. Hence it
in glandular atrophy and tumor regression. should be very interesting to determine the
Indeed, most patients that respond durably to neuroendocrine and metastatic properties of
hormone therapy likely presented with this the patients that developed high-grade cancer
kind of cancer, and it could be argued that these following finasteride treatment.
are the patients that may have never progress- Lastly, we recognize that the prostate gland is
ed to advanced disease. a very complex microenvironment from both a

With further acquisition of genetic lesions, cellular and molecular perspective. Structu-
possibly as a consequence of genomic instability rally the gland is composed of a number of dis-
and loss of Rb and p53 tumor suppressor path- tinct compartments that themselves comprised
ways, tumor progression to "abnormal stage Ir' a diverse set of distinct cellular populations. At
would be characterized by stromal-independent the cellular level, basal, neuroendocrine, and
epithelium. In these tumors, the epithelial cells glandular/secretory cells comprise the epithe-
would be expected to elaborate their own growth lial components, while smooth muscle cells,
factors or express alternative receptors so they fibroblasts, tissue macrophages, and others
would no longer require or respond to stromal- occupy the mesenchymal compartment. In addi-
derived factors such as FGF7 or FGF10. In fact, tion, the requisite capacity of the gland to
we have observed very similar events using the respond to exogenous and endogenous endo-
TRAMP model system [Foster et al., 1998, 1999, crine signals of both steroid and peptide hor-
2002]. A major feature of abnormal stage II mones is the consequence of a complex set of
disease would be that the epithelial cells would rules that are only now being dissected at the
still require androgen signals for differentia- molecular level. Clearly, the ability to study the
tion. At this stage, it would be expected that a prostate in a suitably complex model that can
patient would demonstrate loss of epithelial be manipulated at the genetic level should
differentiation after hormonal therapy (as mea- greatly facilitate our ability to understand the
sured by serum PSA levels for example) but biology of the prostate gland in great detail and
would ultimately progress to develop high- at greater resolution. To this end, application
grade hormone refractory disease owing to of genetically engineered mouse models holds
the loss of androgen-induced differentiation great promise and has already afforded us
signals. Indeed, patients who developed high- significant insights into the natural history of
grade (Gleason 7-10) disease following finas- spontaneous and autochthonous disease. Most
teride treatment probably harbored molecular importantly, these studies are beginning to
lesions such that they could be classified as shed new light on long-standing problems and
abnormal stage II. the enigma surrounding hormone refractory

Once cells have lost both stromal-dependence prostate cancer. We can now, perhaps for the
and the ability to respond to androgens, they first time, appreciate how differentiated epithe-
would be classified as "abnormal stage Ill." In lial cells might be able to transform themselves
this case the prostate cancer might express into cells with neuroendocrine features, how
mutated forms of the AR that could still direct the microenvironment of cancer can exert such
expression of differentiation markers such strong influence on cell determination, differ-
as PSA, but in a manner independent of the entiation and proliferation, and why androgen
cognate steroid ligand. Indeed, rise in serum ablation may cure early prostate cancer but also
PSA following complete androgen blockade is a facilitate emergence of more aggressive and
hallmark of progressive disease and mutations metastatic disease.
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